Diamondlike carbon ͑DLC͒ as a potential low-cost substitute for diamond has been extended to microelectronics and we have demonstrated the fabrication of silicon on diamond ͑SOD͒ as a silicon-on-insulator structure using plasma immersion ion implantation and deposition in conjunction with layer transfer and wafer bonding. The thermal stability of our SOD structure was found to be better than that expected for conventional DLC films. In the work reported here, we investigate the mechanism of the enhanced thermal stability. We compare the thermal stability of exposed and buried DLC films using Raman spectroscopy and x-ray photoelectron spectroscopy ͑XPS͒. Our Raman analysis indicates that the obvious separation of the D and G peaks indicative of nanocrystalline graphite emerges at 500°C in the exposed DLC film. In contrast, the separation appears in the buried DLC film only at annealing temperatures above 800°C. Analysis of the XPS C 1s core-level spectra shows that the ͑sp 3 +C-H͒ carbon content of the unprotected DLC film decreases rapidly between 300-700°C indicating the rapid transformation of sp 3 -bonded carbon to sp 2 -bonded carbon combined with hydrogen evolution. In comparison, the decrease in the ͑sp 3 +C-H͒ carbon content of the buried DLC film is slower below 800°C. Elastic recoil detection results show that this superior thermal stability is due to the slower hydrogen out diffusion from the buried DLC film thereby impeding the graphitization process. We propose that the SiO 2 overlayer retards the graphitization process during annealing by shifting the chemical equilibrium.
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I. INTRODUCTION
More than three decades have elapsed since the report on the production of amorphous carbon films, 1 and diamondlike carbon ͑DLC͒ continues to be a material attracting intensive research. DLC thin films have physical and chemical properties which approach those of diamond, for example, high hardness, high optical index, low friction coefficient, chemical inertness, high electrical resistivity, and high thermal conductivity. Recently, the use of DLC has been extended to microelectronics, especially in silicon-on-insulator ͑SOI͒ technology. A buried silicon dioxide layer is used in conventional SOI to enhance the operating characteristics of siliconbased devices. However, its poor thermal conductivity leads to inefficient heat dissipation from the active silicon layer and it becomes an even more serious issue when the device size shrinks. 2, 3 Diamond which has excellent thermal conductivity, high electric resistivity, and high electrical breakdown is a promising substitute for SiO 2 and is expected to be less prone to the self-heating phenomenon. [4] [5] [6] However, its rough surface prohibits direct bonding to silicon wafer in the fabrication of the silicon-on-diamond ͑SOD͒ substrate without extensive polishing and surface treatment. DLC, which is a potential low-cost substitute for diamond, has been successfully used as the buried insulator instead of silicon dioxide by our group. 7 In spite of the fabrication success, the acceptance of SOD by the semiconductor industry hinges on its thermal stability. DLC films are known to graphitize at relatively low temperature thereby losing the insulating characteristics. It is imperative that the DLC film in SOD can resist graphitization at elevated temperature in order to be compatible to microelectronics processing. We have observed enhanced thermal stability in our SOD structure compared with DLC films used as coatings. In this study, we investigated the reasons for the enhanced characteristics. We compared the thermal stability between uncovered and covered or buried DLC films and found that the buried film possessed much better thermal stability. The microstructures of two types of films annealed under different temperatures were studied by Raman spectroscopy and x-ray photoelectron spectroscopy ͑XPS͒. Elastic recoil detection ͑ERD͒ was carried out to investigate the degree of hydrogen loss from the DLC films during annealing. Our results suggest that the enhanced thermal stability is related to the mitigated hydrogen loss and a chemical equilibrium model is proposed to explain the phenomenon.
II. EXPERIMENTAL DETAILS
The DLC thin films were fabricated on p-type Si ͑100͒ substrates using plasma immersion ion implantation and deposition ͑PIIID͒.
8 During deposition, a mixture of acetylene ͓20 standard cubic centimeter per minute ͑SCCM͔͒ and argon ͑5 SCCM͒ was introduced into the vacuum chamber and the plasma was triggered using a radio-frequency ͑rf͒ plasma source. Film deposition was carried out at a working pressure of 8 ϫ 10 −4 Torr at a constant rf power of 500 W. The applied voltage, repetition rate, and pulse width were −20 kV, 40 Hz, and 400 s, respectively. Some of the deposited samples were covered by a 40-nm-thick electronbeam-evaporated SiO 2 layer in order to compare the thermal stability of exposed and covered DLC films. SiO 2 was chosen as the covering layer because it is transparent in our Raman measurements. The exposed and covered DLC samples underwent furnace annealing at different temperatures in N 2 ambient for 30 min.
III. RESULTS AND DISCUSSION
Raman spectroscopy is commonly used to characterize DLC films. The graphitic band ͑G͒ at approximately 1550 cm −1 and disordered band ͑D͒ at approximately 1360 cm −1 are especially useful in elucidating the structure. The G band is assigned to the C-C stretching mode of graphite, 9 whereas the D band is associated with in-plane vibrations resulting from structural imperfections. 10 Figures 1͑a͒ and 1͑b͒ display the Raman spectra of the exposed and buried DLC films annealed at various temperatures, respectively. A prominent second-order Si substrate peak at ϳ960 cm −1 occurs in all the samples as the films are highly transparent. In the exposed DLC films, the typical broad asymmetric Raman peaks with declining background luminescence because of hydrogenation are visible, and their shape does not change significantly until the annealing temperature reaches 300°C. However, the rate of decline becomes smaller after annealing at 500°C, and it disappears from the film annealed at 700°C indicating significant hydrogen loss 11 which has been correlated to the loss of sp 3 bonding and resultant loss of diamondlike properties. 12 Meanwhile, an obvious separation between the D and G peaks appears at 500°C and then the separated D and G peaks decrease in intensity with increasing annealing temperature up to 700°C, indicating that the DLC film is almost converted to nanocrystalline graphite at higher temperature. 13, 14 It can be deduced that the exposed DLC film gradually graphitizes and oxidizes even at temperature as low as 500°C. In contrast, the separation indicative of nanocrystalline graphite does not appear in the buried DLC film until the annealing temperature reaches about 800°C. The background luminescence continues to decline, indicating that the emission of hydrogen from the DLC films is retarded by the covering SiO 2 layer. This leads to slower graphitization of the DLC film.
The detailed structural information of the buried DLC films annealed at various temperatures can be obtained from the Raman parameters derived from the combined Gaussian and Lorentzian curve fitting of the Raman spectra. 
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shows the Raman parameters of the G peak position and the integrated intensity ratio of the D and G peaks ͑I D / I G ͒ of the buried DLC film. The G band of the annealed DLC films shifts towards higher wave numbers with increasing annealing temperatures, implying that the concentrations of sp 2 carbon become higher and the graphitic component in the amorphous carbon increases. The I D / I G ratio exhibits a similar tendency like the variation in the G peak position. It suggests increases in the graphite size and number of the graphitic sp 2 clusters. 15, 16 The Raman findings including G peak position and I D / I G ratio illustrate that the structural transformation of the buried DLC film happens gradually without any abrupt change below 800°C. This graphitization process is enhanced at the temperature between 800 and 1000°C, resulting in rapid conversion from DLC to nanocrystalline graphite. Compared with conventional DLC coatings that completely convert to nanocrystalline graphite at 450-600°C, 13 ,17 the graphitization process of the buried DLC film is significantly retarded.
XPS analyses were performed on the exposed and buried DLC films annealed at various temperatures. The C 1s spectra were taken at almost the same depth after removing 1 -2 nm of the DLC layer from both the exposed and buried samples employing argon-ion sputtering. Figure 3 depicts the C 1s spectra acquired from three different DLC films: ͑a͒ asdeposited, uncovered DLC film ͑same structure as the unannealed buried DLC film͒, ͑b͒ buried DLC film after annealing at 500°C, and ͑c͒ exposed DLC film after annealing at 500°C. The solid line shows the fitted results based on the combined Gaussian and Lorentzian function. Compared with the as-deposited DLC film, the binding energies ͑BEs͒ of the two annealed samples, whether exposed or buried, shift to lower values. The corresponding C 1s spectra can be deconvoluted into two peaks situated at approximately 284.4 and 285.3 eV. It is well known that the binding energy of graphite which consists of 100% sp 2 bonds is 284.3-284.5 eV, 18 polycrystalline diamond after Ar + -ion etching is 285.5 eV, 19 and C-H is 284.9-285.5 eV. 20 Obviously, it is hard to separate the sp 3 C-C and C-H bonds because of the bindingenergy superposition. Here, the sp 3 C-C and C-H bonds are considered to be one component. In the as-deposited sample, the ͑sp 3 +C-H͒ carbon content is as high as 62.3%. In Fig.  3͑b͒ , the peak corresponding to ͑sp 3 +C-H͒ carbon in the buried DLC after annealing at 500°C becomes smaller because of hydrogen loss and slight graphitization. In the exposed DLC film after annealing at 500°C, hydrogen loss is greatly enhanced. The ͑sp 3 +C-H͒ carbon component is significantly reduced along with the increase in the peak corresponding to sp 2 , as shown in Fig. 3͑c͒ . It is found that the exposed film becomes more graphite like after annealing at 500°C. Figure 4 shows the amounts of sp 3 C-C and C-H bonds in the exposed and buried DLC films calculated based on the ratio of the peak areas plotted as a function of the annealing temperature. In the exposed DLC film, the ͑sp 3 +C-H͒ carbon content decreases slowly below 300°C, then significantly decreases between 300-700°C. It is associated with the rapid transfer of sp 3 -bonded carbon to sp 2 -bonded carbon combined with hydrogen out diffusion. On the other hand, the buried DLC film shows a slower decrease in the ͑sp 3 +C-H͒ carbon content below 800°C, and then it rapidly decreases to about 23.4% at 1000°C indicative of almost complete graphitization. At annealing temperatures under 700°C ͑the exposed DLC film is almost graphitized completely at 700°C͒, the ͑sp 3 +C-H͒ carbon content in the buried DLC film is much higher than that of the exposed DLC film implying retarded graphitization in the buried DLC film.
Based on previous studies conducted on amorphous hydrogenated carbon and particularly DLC films, 13, [21] [22] [23] hydrogen loss in the form of H 2 , methane, or CH x causes irreversible graphitization of the DLC film during annealing. The relative hydrogen contents in the buried and exposed DLC FIG. 3 . Deconvoluted of C 1s XPS spectra acquired from three different DLC films: ͑a͒ as-deposited exposed DLC film or buried DLC film, ͑b͒ buried DLC film after annealing at 500°C, and ͑c͒ exposed DLC film after annealing at 500°C. films after 500°C annealing as determined by ERD are presented in Figs. 5͑a͒ and 5͑b͒, respectively. There is hydrogen loss from both the buried and exposed DLC films after annealing at 500°C. However, the hydrogen loss from the buried DLC film is slower and the hydrogen content of the 500°C buried sample is about 82% of the as-deposited sample. This is in comparison to a value of 63% calculated from the exposed film under the same annealing conditions. The present results suggest that the covering SiO 2 layer acts as a hydrogen diffusion barrier impeding hydrogen loss from the buried DLC film. Our findings are consistent with a similar phenomenon observed in exposed DLC films used as coatings. The film with a higher density exhibits relatively higher thermal stability because of retarded hydrogen evolution. 22, 23 Both the Raman and XPS results suggest that the buried DLC has superior thermal stability because of a slower graphitization process. In view of the hydrogen loss in the form of H 2 , methane, or CH x during DLC graphitization, the phenomenon can be explained by the shift in the chemical equilibrium. The evolution of H 2 , methane, or other CH x species from the annealed DLC film involves many complex reactions. To briefly explain the retardation of hydrogen out diffusion by the covering SiO 2 layer, we can make use of one reaction example which yields methane and C v C formation as a demonstration in this paper:
A possible structural model for reaction ͑1͒ is also shown schematically in Fig. 6 . Any other similar reactions concerning graphitization and hydrogen evolution can be analogously analyzed. 24 If reaction ͑1͒ is truly in equilibrium, the partial pressure of methane will be at a steady-state value. In the exposed DLC film, hydrogen loss starts when the CH 4 ͑or H 2 , or CH x ͒ products diffuse out of the surface during annealing. Under a flowing N 2 ambient, the partial pressure of CH 4 ͑or H 2 , or CH x ͒ on the surface of the exposed DLC film is about zero. Consequently, the position of the equilibrium in reaction ͑1͒ will shift to the right to produce more methane ͑or H 2 , or CH x ͒, subsequently resulting in rapid hydrogen loss. It will continue until all the hydrogen atoms leave the DLC film resulting in a collapse in the carbon matrix and complete graphitization. In the buried DLC film, the overlying SiO 2 layer as a hydrocarbon diffusion barrier will slow down the out diffusion of CH 4 ͑or H 2 , or CH x ͒ to the sample surface. This is analogous to the film having a higher density as aforementioned. The partial pressure of CH 4 ͑or H 2 , or CH x species͒ between the covering SiO 2 layer and DLC film is thus higher than that on the surface of the exposed film. Therefore, the tendency of the chemical equilibrium shifting to the right diminishes because of the residual CH 4 bon atoms is thus retarded. It should be noted that in SOD substrate which consists of a thick silicon surface layer on the buried DLC, the crystalline surface silicon layer is more effective in suppressing hydrogen loss than the thin SiO 2 layer used in this experiment. Thus, the thermal stability of the buried DLC layer in SOD is enhanced and this phenomenon bodes well for SOD in microelectronics applications.
IV. CONCLUSION
To investigate the cause of the high thermal stability of the buried diamondlike carbon layer in silicon on diamond, we compare the thermal stability between exposed DLC and buried DLC films. Both Raman spectroscopy and XPS results disclose that the buried DLC film has a higher thermal stability due to a slower graphitization process compared with the exposed DLC film. This superior thermal stability is believed to be due to the smaller hydrogen loss that is impeded by the covering SiO 2 layer.
